A second-generation ("Gen 2") device capable of surfaceinduced dissociation (SID) and collision-induced dissociation (CID) for Fourier transform ion cyclotron resonance mass spectrometry of protein complexes has been designed, simulated, fabricated, and experimentally compared to a first-generation device ("Gen 1"). The primary goals of the redesign were to (1) simplify SID by reducing the number of electrodes, (2) increase CID and SID sensitivity by lengthening the collision cell, and (3) increase the mass range of the device for analysis of larger multimeric proteins, all while maintaining the normal instrument configuration and operation. Compared to Gen 1, Gen 2 exhibits an approximately 10× increase in sensitivity in flythrough mode, 7× increase in CID sensitivity for protonated leucine enkephalin (m/z 556), and 14× increase of CID sensitivity of 53 kDa streptavidin tetramer. It also approximately doubles the useful mass range (from m/z 8000 to m/z 15 000) using a rectilinear ion trap with a smaller inscribed radius or triples it (to m/z 22 000) using a hexapole collision cell and yields a 3−10× increase in SID sensitivity. We demonstrate the increased mass range and sensitivity on a variety of model molecules spanning nearly 3 orders of magnitude in absolute mass and present examples where the high resolution of the FT-ICR is advantageous for deconvoluting overlapping SID fragments.
M ass spectrometry is emerging as a powerful tool for structural biology. 1−3 The observation that the tertiary and quaternary structure of proteins and their complexes could be kinetically trapped after transfer from solution to the gas phase 4−6 through a combination of careful sample preparation (exchanging into a volatile buffer, e.g., ammonium acetate) and soft electrospray ionization 7 led to the eventual coining of the term "native mass spectrometry" (nMS). This was followed by the emergence of improved mass spectrometric technologies (e.g., ion mobility, 8−10 surface-induced dissociation, 11−13 ultraviolet photodissociation, 14 Q-IM-TOFs, 15 FT-ICR, 16−20 and high mass Orbitraps 21, 22 ) for studying high mass species.
Upon transfer to the gas phase, the intact mass of protein complexes can be measured with high accuracy (for Orbitraps and FT-ICRs), but complexes must be further probed in order to gain insight into stoichiometry, intersubunit interaction strength and arrangement, and possible ligand binding, all of which influence protein function. Activation methods are useful for dissecting intact complexes into subunits. Electrontransfer dissociation 23 and ultraviolet photodissociation 14, 24 tend to dissociate proteins into small fragments ("top-down" covalent fragmentation) which are useful for sequencing and locating post-translational modifications and ligand binding sites but do not typically provide overall connectivity/topology information. Collision-induced dissociation (CID), the most common form of activation due to its widespread commercial availability, generally produces unfolded/restructured, highly charged monomers with complementary (n−1)mers. 10, 25, 26 While CID can provide direct stoichiometric (and mass) information, it generally does not give fragments consistent with intersubunit connectivity and interaction strength, and the unfolding/restructuring of monomers is undesirable because native structure is not retained.
Surface-induced dissociation (SID), in which the collision target is a rigid, high-mass surface (usually coated with a fluorocarbon self-assembled monolayer (SAM)) rather than a small gas molecule, has been shown to generate more symmetrically charged fragments that are reminiscent of the three-dimensional structure of protein complexes, 11, 27, 28 in part because SID consists of a single collision with higher energy conversion vs many low energy collisions in CID, during which proteins can restructure. SID can provide a wealth of information, including overall conformational changes, 28−30 subunit interconnectivity 30−35 and interaction strength 36 (which can be used to constrain computer models 36, 37 ), and subunit−ligand interactions. 38 To date, SID has been implemented on various instrument platforms. Small molecule SID has been performed on sector instruments, 39, 40 hybrid sector/quadrupole spectrometers, 41 a 3D quadrupole ion trap, 42 tandem quadrupoles, 43, 44 tandem time-of-flight systems, 45 FT-ICRs, 46, 47 and in quadrupole timeof-flight systems. 48 More recently, we have implemented SID on instruments better equipped for nMS, namely Q-IM-TOFs (Waters Synapts), 48 Thermo Scientific EMR 49 and UHMR Orbitraps, and a Bruker 15 T FT-ICR. 19 The legacy Synapt SID design, placed just after a truncated trap cell and consisting of 10 independently controlled DC electrodes 48 has been distributed to several other laboratories (Russell, 50 Prell, 51 Sharon, 52 etc.) as part of our goal to disseminate native MS technology to the community. The Orbitrap and FT-ICR designs are more recent innovations but are especially promising because of the high resolution and mass accuracy of the respective analyzers. The 15 T FT-ICR, in particular, is a state-of-the-art mass spectrometer with ultrahigh resolution, useful for resolving overlapping species in product-rich, oftenconvoluted SID spectra. Other groups have demonstrated the use of FT-ICR for analysis of protein complexes through a combination of intact mass analysis, CID, and other complementary activation techniques (infrared multiphoton dissociation and electron based dissociation). 16−18 In this study, we iterated on the design of the firstgeneration SID/CID device for FT-ICR mass spectrometry in order to improve its performance. In order to increase its sensitivity in full MS, CID, and SID modes, the SID region was shortened and the collision cell was lengthened by ∼67% compared to Gen 1. This was accomplished, in part, by reducing the number of independently controlled SID electrodes from 10 to 6. Additionally, the mass range of Gen 2 was approximately doubled by decreasing the inscribed radius of the collision cell and further increased by adopting a hexapole design, allowing us to perform SID and successfully trap larger protein complexes. Even with these modifications, the device maintains its low mass capabilities for users of OSU's mass spectrometry facility.
■ EXPERIMENTAL SECTION
Instrumentation. Experimental details can be found in the Supporting Information (SI). All experiments described in this Figure 1 . Second-generation dual-purpose SID/CID cell for Fourier transform ion cyclotron resonance mass spectrometry. The SID/CID cell is designed to replace the Bruker collision cell in (a) the original instrument configuration. (b) Second generation SID/CID cell (electrodes only) and cross section of the rectilinear and hexapole designs (inscribed radii noted), (c) 3D CAD drawing of the device with holders and collision cell housing, (d) fabricated design, and (e) SIMION simulation of SID of +10 streptavidin (53 kDa) at 85 V acceleration potential after exiting the quadrupole, showing the high efficiency of ion capture in the collision cell. In this simulation, only 10 ions are shown (black and red are the same mass and charge before and after collision, respectively), but for most simulations a population of 1000 ions was used. The inset steel surface shows, via discoloration, where the ions are colliding with the surface experimentally, in good agreement with the simulation. Note that for SID of protein complexes, a gold−SAM surface was used. work were conducted on a Bruker solariX XR 15 T FT-ICR mass spectrometer equipped with interchangeable electrospray ionization and nanoelectrospray ionization sources. All spectra are an average of 10 scans (unless otherwise noted), generally acquired in magnitude mode with a mass range from m/z 1000 to m/z 20 000, 1 M transient length (higher resolution spectra were acquired at 4M or 8M transient length), and time-offlight of 2 ms. For leucine enkephalin and its protonated dimer, the mass range was set to m/z 100 through m/z 20 00, 1 M transient length, and 0.5 ms time-of-flight. Generally, all rf devices were set to the lowest frequencies and the maximum voltage was used.
Analytical Chemistry
Device Design. The dual-purpose SID/CID cell is designed to replace Bruker's commercially supplied collision cell, which is approximately 62 mm in length and is preceded by an electrospray (and MALDI) ion source, two ion funnels and skimmers, a transport multipole, and a quadrupole mass filter that can isolate up to m/z 6000 ( Figure 1a ). The first generation SID/CID cell ( Table 1 , column 2, "Gen 1") 19 consisted of a 33.3 mm SID region with 10 independent DC electrodes coupled to a 28.7 mm rectilinear ion trap collision cell for CID and for trapping, cooling, and accumulating ions in SID, CID, and flythrough modes. The second-generation cell ("Gen 2") presented in this work iterates on the Gen 1 design to improve its performance for native mass spectrometry. In this iteration, we focused on improving sensitivity and mass range while also reducing the number of SID electrodes to simplify tuning.
The design of Gen 2 is shown in Figure 1b and its characteristics are given in Table 1 , column 3. The SID region is considerably shorter than in Gen 1, 14 mm compared to 33.3 mm, and also consists of four fewer electrodes (6 instead of 10). The front lens and rear two lenses control ion kinetic energies prior to and after surface collision and have inner apertures 5.0 mm in diameter. The surface in Gen 2 is tilted at 10 degrees to improve ion extraction after surface collision, as demonstrated previously in designs from Stiving et al. 53, 54 In our simulations of Gen 2, reflected ions were more likely to turn around and return to the surface (which is held at a highly attractive negative voltage) if the surface orientation was parallel to the ion beam path, whereas they were less likely to do so when the surface was slightly tilted. The simplification of the SID region from 10 to 6 electrodes allowed us to extend the CID/trapping region to 48.0 mm from 28.7 mm, an increase of 67%. In doing so, the trapping capacityand hence sensitivityof the cell improved by approximately an order of magnitude, discussed later. Gen 2 otherwise retains the favorable trapping characteristics of the Gen 1 ion trap collision cell. However, in order to increase the effective mass range of the device, the inscribed radius (r 0 ) of the rectilinear collision cell was reduced from 5.28 mm to 4.5 mm. As discussed later, this change resulted in a doubling of the device's mass range due to increased radial pseudopotential well depth. 55, 56 In particular, any "hot" high m/z ions that are reflected off the surface with relatively high radial kinetic energy (e.g., a + 20 ion accelerated through a 100 V potential difference keeps ∼5% of its precollision kinetic energy, i.e., 100 eV) were not trapped in a sufficiently deep well in Gen 1's collision cell, even when using the 2000 V pp maximum voltage (at 1.58 MHz) of the Bruker rf driver. By decreasing the half distance between the rods by 0.78 mm, the radial pseudopotential well depth is increased by approximately 37% (all else being equal). A second design incorporated a hexapole of the same length with r 0 = 4.35 mm which further increased the ions' pseudopotential well depth and led to a further increase in mass range. Figure 1c shows a 3D rendering (in Autodesk Inventor) of Gen 2 with holders and gastight collision cell housing. Figure  1d is a picture of the final fabricated device fitted into two holders which mount the device to the ion optic rails in the FT-ICR. The SID and trap end-cap holders are PEEK, while the electrodes and collision cell housing are stainless steel. The ion trap holders are ceramic Macor. The collision cell is pressurized with argon using the same gas supply and fittings as the Bruker collision cell. DC voltages are applied to the six SID electrodes from a 10-channel Ardara DC power supply, which is connected to the electrodes via 1 mm diameter dowel pins (not shown). The two phases of rf voltage are inserted into the pins on top and on the side of the collision cell. The commercial Bruker rf pins for the ion trap and dc pins for the end-cap voltages fit directly into Gen 2 without any adapters. Although the rectilinear and hexapole designs use unique housings, rods, and ceramic rod holders, all other parts (SID electrodes and holders as well as end-caps and their holders) were interchangeable between the two designs, simply requiring removal and reattachment of eight screws bolting the end-cap and SID holders to the collision cell.
Typical voltages applied in transmission and SID modes are given in SI Table S1 . The quadrupole and its pre-and postfilters, which directly precede the SID device, are generally held at 1 V DC bias. In transmission mode, balanced voltages are applied to electrode nos. 2−4 to transmit ions from the quadrupole mass filter to the collision cell, where the ions are accumulated (and dissociated, if desired) until they are pulsed into the FT-ICR analyzer. In SID mode, the front bottom SID electrode (no. 2) deflects the ion beam coming from the quadrupole into the surface (no. 3), the reflected ions are extracted by electrode nos. 5 and 6, their outgoing angles are adjusted with electrode no. 4, and the beam is directed into the collision cell for accumulation. The voltage of the front trap 
Article end-cap dictates the acceptance of the collision cell in terms of kinetic energy (assuming the kinetic energy does not exceed the pseudopotential well depth in the radial dimension). The SID acceleration voltage is varied by ΔV as shown in SI Table  S1 . For small molecule MS/MS, isolation of the precursor species prior to activation was possible; however, the vendorprovided quadrupole and RF generator cannot select protein complexes > m/z 4000 without substantial loss in signal intensity. As a consequence, MS/MS spectra of most protein complexes in this work were obtained without precursor isolation. We are currently working to resolve this issue by lowering the frequency of the quadrupole rf driver. That change is not necessary to illustrate the increased performance of the Gen 2 device.
Simulations. All simulations were conducted in SIMION 8.1. For most simulations, the initial ion distribution as it was created in the quadrupole mass filter consisted of the following: number of particles, 1000; precursor mass, 53 220 Da; precursor charge, +10; source position, Gaussian distribution with 0.2 mm standard deviations in the radial dimension and 1 mm standard deviation in the axial dimension; kinetic energy distribution, Gaussian with mean of 35 eV and 5 eV fwhm; direction, cone distribution with 7 degree half angle (filled); time-of-birth, uniform distribution between 0 and 5 μs. Note that black trajectories consist of ions prior to surface collision and red trajectories consist of ions after surface collision. The ion kinetic energy in the FT-ICR is set in the partitioned octupole region prior to the quadrupole and was determined using simple stopping curves.
The simulation used in this work consisted of 27 electrodes: 1 quadrupole entrance lens, 12 quadrupole electrodes (4 prefilter, 4 analyzer, 4 postfilter), 1 quadrupole exit lens and 1 focusing element, 6 SID electrodes, and 6 collision cell electrodes (4 rectangular trap rods with front and rear endcaps). A second simulation using the hexapole cell was also constructed but did not differ significantly from the rectilinear design. More details about the collision cell and SID electrodes can be found in the Device Design section. The quadrupole simulated here is a Bruker model operated at 880 kHz.
In the simulation (Figure 1e ), ions that are deflected into the surface by the front bottom electrode are stopped just before collision and they are reflected at a specular angle (with respect to the surface normal), while retaining 5% of their kinetic energy (measured just before surface collision). We assume here that the precursor ions do not fragment in the SID device but instead fragment later in the collision cell, an assumption supported by prior studies with leucine enkephalin. 57 Hence, the mass and charge of the ion do not change during the simulation, and fragmentation is not explicitly induced. The reflected precursor ions are then extracted by a rear SID lens (no. 5), their axial angle is corrected by a second deflection electrode (no. 4), and they are captured in the rf-only collision cell, which is simulated with approximately 50 mTorr of argon as buffer gas. The simulation shown in Figure 1e shows ten ions of mass 53.220 kDa and charge +10 being accelerated by an 85 V potential difference. After surface collision the ions are brought back on axis and collected in the collision cell. In this particular simulation, all 10 ions were successfully collected, but in a typical simulation approximately 60−70% of the ions were collected, with some lost to the rear SID electrodes due to large reflection angles or large deviations in kinetic energy after collision. In the simulation, charge reduction on the surface was not considered; neutralization of these large multiply charged ions is thought to be minimal. The inset in the simulation is an image of a stainless steel surface after several hours of surface collisions. The impact location is consistent with the simulation results, indicating a closeness of fit between the simulated device and actual experimental conditions. Note that for this experiment, a stainless steel surface was used; for all other experiments, a fluorocarbon selfassembled monolayer was used.
■ RESULTS AND DISCUSSION Mass Range. A critical limitation of the Gen 1 SID design was the limited mass range (<m/z 8000), evident in the mass spectrum of CsPFHA clusters in SI Figure S1 , orange. The highest detected m/z is approximately m/z 8859. This is a direct consequence of using a large inscribed radius in the collision cell, 5.28 mm in Gen 1. The truncated mass range is further evidenced by decreasing the collision cell voltage systematically until 50% of the CsPFHA intensity (at each m/ z) is lost compared to the maximum intensity observed at higher rf voltage. SI Figure S2 (orange) shows the resulting plot which indicates that the Gen 1 collision cell is only capable of efficiently trapping up to ∼m/z 7000, in agreement with the mass restrictions observed by Jing et al. 19, 20 To increase the mass range for native mass spectrometry of high molecular weight protein complexes, the inscribed radius of the rectilinear ion trap was reduced from 5.28 mm to 4.5 mm, resulting in an approximate doubling of the mass range to ∼m/ z 15 000 (SI Figure S1 , blue), allowing, for example, observation of higher m/z species in the native mass spectrum of 115 kDa C-reactive protein (CRP, SI Figure S3 ). The species observed around m/z 7000 are various charge states of the pentameric form of the protein complex, and the higher m/ z species near m/z 10 000 correspond to the nonspecific CRP decamer, which is observed in Gen 2 but not Gen 1 (even when spraying the same solution under identical conditions). The second notable feature of SI Figure S3 is the increased signal-to-noise ratio, which is discussed next. Adoption of a hexapole design with slightly smaller inscribed radius (4.35 mm) further increased the mass range of the device to > m/z 22 000, as discussed later. Because the hexapole rods are identical to those from the original Bruker collision cell, the mass range of Gen 2 is now approximately equal to the original collision cell.
Sensitivity. The sensitivity of Gen 2 compared to Gen 1 was profiled in (1) full MS, (2) CID, and (3) SID modes using a variety of large and small molecules. For this comparison, the rectilinear cell was used. Although in Gen 2 the collision cell inscribed radius was reduced from 5.28 mm to 4.5 mm, the trap was lengthened by 67%, more than making up for any trap capacity lost in the radial dimension. For CsPFHA clusters analyzed in transmission mode at moderate accumulation times (<0.5 s), the absolute ion signal increased by 2−3.5× when using Gen 2 (SI Figure S4) . At higher accumulation times, where the ion trap was purposely saturated to find relative capacities, Gen 2 exhibited approximately 30% higher signal. For charge-reduced streptavidin tetramer (53 kDa, mostly 10+ charge state), the gains in signal were more apparent (SI Figure S5 ), especially at longer accumulation times. For accumulation times less than 1 s, a gain in signal intensity of approximately 3× was observed, whereas a gain of more than an order of magnitude (up to 14×) was observed when the accumulation time was >1s. The increased performance was particularly evident in the mass spectrum of Figure S3) , where a S/ N value of ∼110 was observed for the 18+ charge state on Gen 2 using a 1 s accumulation time, whereas S/N of ∼28 was observed for the 17+ charge state (the most intense peak) on Gen 1. These gains are likely due to the increased trapping capacity, but improved collisional cooling in the longer Gen 2 collision cell also likely plays a role.
The CID signal intensity was profiled using protonated leucine enkephalin ([YGGFL+H] + ). At 0.5 s accumulation time, the isolated [YGGFL+H] + signal (5 m/z isolation width) was 20× higher for the second-generation cell (SI Figure S6 , Isolation). Using 25 V of acceleration potential and argon as collision gas, the absolute CID signal for isolated leucine enkephalin product ions was 7× higher in Gen 2. CID of streptavidin tetramer to produce highly charged monomer, charge-stripped tetramer, and a small amount of trimer (SI Figure S7 ), results in an up to a 20× increase in signal intensity for Gen 2. Gen 2 was tested with 65 V of potential difference and Gen 1 with 35 V because Gen 1 returned no signal at 65 V. Because the collision energies are different, only the saturated collision cells should be compared. Even so, when the cells were fully saturated, Gen 2 accumulated up to 20× higher signal intensity. Compared to the Bruker collision cell, Gen 2 has approximately the same sensitivity for protein complexes.
High-Resolution SID of Protein Complexes. The increased sensitivity and mass range of Gen 2 yielded far better signal-to-noise than the previous design and further allowed us to work with higher mass macromolecules where SID is particularly useful for dissecting topology and stoichiometry of protein complexes 29, 32, 58 as well as for determining intersubunit interaction strength. 36 Streptavidin is a D2-symmetric tetrameric protein complex that is a dimer of dimers. SID of the native protein complex should yield fragments consistent with this observation. 31 Although streptavidin has been investigated thoroughly by SID previously, we use it here to demonstrate the signal-to-noise ratio (S/N) achievable on Gen 2.
A full scanusing the Gen 2 rectilinear cellof chargereduced streptavidin is shown in SI Figure S8a . The dominant charge states under charge-reducing conditions are 9+ through 11+. The S/N of the 10+ tetramer in this scan is approximately 470. Note that the coldness of the FT-ICR's source and the lack of an effective in-source activation method results in salt adducts being observed. CID of the tetrameric complex using an accelerating voltage of 65 V (SI Figure S8b ) yields mostly highly charged monomers and a small amount of complementary trimers which are not indicative of the dimer of dimers arrangement of the subunits. In contrast, SID (SI Figure S8c ) yields mostly symmetrically charged dimers and monomers that are consistent with the D2 molecular symmetry. 31 The high resolution of the FT-ICR allows us to isotopically resolve overlapping 6+ dimer and 3+ monomer at m/z 4424 (not shown) and 4+ dimer and 2+ monomer at m/z 6636 (SI Figure S8d) . At lower SID energies the 6+ and 4+ dimers are more apparent (SI Figure S8d ), whereas at higher SID energies mostly monomer is observed since the dimers further dissociate at higher collision energy. Even so, the charge states of the monomers are significantly lower than those of the unfolded monomers produced through CID, and both dimers and monomers take an amount of charge approximately proportional to their mass, a characteristic of SID spectra of protein complexes. The S/N of the most intense peak in panel (c) is approximately 1000, illustrating a substantial gain in sensitivity. Compared to Gen 1, Gen 2 provided up to an order of magnitude higher signal in SID mode using streptavidin as a model protein complex (SI Figure  S9 ), especially at low-to-moderate accumulation times. At full trap capacity (high accumulation times), the signal from Gen 2 was approximately 3.6× that of Gen 1, even though the length of the rectilinear collision cell was only increased by 67%.
Pentameric C-reactive protein (CRP, ∼115 kDa) was also tested as a model protein complex on Gen 1 and Gen 2. The full scan of charge-reduced CRP using Gen 2 (using the hexapole design) is shown in Figure 2a . The pentameric complex with charge states ranging from 15+ to 19+ was 
Article observed in transmission mode using both the rectilinear cell (not shown) and the hexapole. The species near m/z 9000 and above correspond to nonspecific CRP decamers, which are not of interest here but cannot be excluded due to quadrupole limitations. As stated before, approximately an order of magnitude higher signal was observed on Gen 2 compared to Gen 1 in full MS mode (SI Figure S3 ). CID and SID of CRP on Gen 2 using the hexapole collision cell gave the spectra shown in Figure 2b and c for an average of only 10 scans. The rectilinear cell gave similar spectra (not shown). The CID spectrum shows highly charged monomer with charge states ranging from 8+ to 12+ as well as complementary tetramer (9+ to 13+) and unfragmented pentamer. SID yields more moderately charged monomers with charge states from 3+ to 5+ and a small amount of dimer, trimer, and tetramer with a proportional amount of charge. The observation of monomers, dimers, trimers, and tetramers is consistent with the known ring pentameric structure.
Cholera toxin B (CTB) is also a ring-structured homopentameric protein complex (58 kDa); under moderate SID conditions CTB fragments to monomers, dimers, trimers, and tetramers (in agreement with our previous results on FT-ICR and Orbitrap instruments 19, 38 ) and therefore provides a suitable example of the utility of the FT-ICR's resolution. The full scan of CTB (SI Figure S10a ) using the rectilinear cell gives 10+ through 12+ charge states as the prevalent charge reduced species. The SID spectrum in SI Figure S10b exhibits fragmentation similar to CRP, with monomer through tetramer all represented in the spectrum. The high resolving power of the FT-ICR (approximately 366 000 at m/z 5803 using fwhm in this spectrum) allows us to distinguish the overlapping 8+ tetramer from 6+ trimer, 4+ dimers, and 2+ monomer (SI Figure S10b , inset). Both the full MS and SID spectrum were collected using an average of 10 scans, whereas similar spectra were collected previously on Gen 1 using 30 scans for the full MS and 181 scans for the SID spectrum. 19 Figure 3 is a further example of the utility of the FT-ICR for resolving overlapping species using Hfq65. Hfq proteins are bacterial chaperones that aid in binding of regulatory RNA to target mRNAs. 59, 60 The ring-like homohexameric structure assists with RNA interactions with three types of binding of RNA to the protein complex. Hfq65 is a 43 kDa variant with truncation after the 65th residue. Figure 3a shows the mass spectrum of the isolated 9+ hexamer using the rectilinear cell. In this case, where the low mass of the complex yields precursor m/z values lower than 4000 that can be massselected with the quadrupole, isolation of a single charge state allowed us to resolve even the carbon isotopes of the intact complexseparated by 0.11 m/zby reducing space charge interactions in the FT-ICR cell. The resolution of the peaks is approximately 197 000. Resolved carbon isotopes were not observed for other protein complexes due to salt adduction, heterogeneity, and possible space charging, whereas Hfq65 had very little adduction even prior to isolation. The SID spectrum of the homohexamer, shown in Figure 3b Extended Mass Range. The increased mass range and sensitivity of Gen 2 allowed us to probe even larger protein complexes such as 333 kDa hexameric glutamate dehydrogenase (GDH). Previously the largest complex we were able to work with on FT-ICR was a 211 kDa multicopper oxidase protein complex. 20 However, at such a high m/z and with limited trapping capacity, the analysis required 300 scans each. Gen 2, on the other hand, is capable of working with larger complexes due to higher trap capacity, higher pseudopotential well depth, and improved collisional cooling, and even >300 kDa ions can be successfully collided with the SID surface and collected in the collision cell.
For example, the full MS of 333 kDa GDH obtained with Gen 2 is shown in Figure 4a . Although both the rectilinear and hexapole cells were capable of analyzing GDH, the hexapole yielded higher quality spectra and was thus used for this experiment. Prominent charge states (without charge reduction) are 36+ through 42+. The SID spectrum using 135 V of acceleration potential is given in Figure 4b . The dominant product ions are trimers with approximately half the charge of the precursors (16+ to 24+) and overlapping unfragmented and charge-stripped hexamer. The observation of trimers rather than pentamers, tetramers, or dimers is consistent with the dimer of trimers arrangement previously proposed 61 and observed by SID on two separate instrument platforms. 32, 49 Note that the SID spectrum was recorded using a 1 M transient while averaging 10 scans. This experiment illustrates the extended mass range of the new collision cell design and the ability to work with sturdy complexes that are difficult to fragment, as GDH is known to resist fragmentation even by 200 V (7800 eV for the 39+ charge state) CID. 32 Two other large complexes were tested on Gen 2: 230 kDa pyruvate kinase (a tetramer) and 801 kDa GroEL (14mer). SI Figure S11 shows the full scan and SID spectrum of pyruvate kinase. As expected for a tetramer with dimer-of-dimers configuration (like streptavidin) the dominant product ions in the SID spectrum (SI Figure S11b ) are dimers, with some monomer and a small amount of trimer. Although some trimer is observed here, it is not observed when the charge reduced species is fragmented by SID. 36 Note that the apparent peak splitting is caused by adduction of several 324 Da molecules of 2,5-anhydro-D-glucitol, 1,6 bisphosphate, which has been observed to be stable toward activation previously by Kelleher and co-workers. 62 The splitting is observed in the inset full scan (obtained with less spectral smoothing) as well as in the SID spectrum (inset shows an adducted monomer, for example).
Gen 2 is also capable of trapping and fragmenting 801 kDa GroEL by SID, a substantial increase in effective mass range compared to Gen 1. The full scan in SI Figure S12 shows 71+ as the average and most abundant charge state under noncharge reducing conditions in 200 mM ammonium acetate buffer. The SID spectrum in panel (b) shows contributions from all oligomer fragments, with 7mer (gray circles) as a prominent species due to the 14mer's dimers of 7mers arrangement. The peaks noted by red diamonds could consist of all possible oligomers and so they are labeled as "overlap" peaks. This spectrum is in agreement with the SID spectrum previously recorded on a Synapt platform. 63 One unfavorable feature of the ICR SID spectra of higher m/z complexes such as pyruvate kinase and GroEL is that the baseline rises at higher m/z and the product ions are poorly resolved, in part 
Article because of the poorer desalting and limited in-source activation capabilities of the instrument as commercially supplied, limitations we are actively working to resolve.
SID of Small Molecules. Although the main goal of this work was to improve the ability of the FT-ICR to analyze large noncovalent protein complexes, the Gen 2 SID/CID cell is equally capable of conducting small molecule CID and SID studies. Figure 5 shows (left) CID and (right) SID spectra of the proton-bound dimer of leucine enkephalin (m/z 1111) using acceleration potentials from 15 to 65 V (15 to 65 eV for these singly charged ions) on the rectilinear cell. Because these are small molecules, we were able to conduct isolation (3 m/z width) prior to both CID and SID. The spectra are markedly similar with regard to the product ions observed and the relative intensities of those product ions, a typical result for activation of small, easy-to-fragment molecules by CID and SID. In both cases, the main ions detected are b and y ions, characteristic of lower-energy fragmentation pathways. 24 The spectra are also similar to those we have previously observed via SID experiments. 64 For example, the a 4 and b 3 ions are the most abundant on the FT-ICR and were reported as the most abundant species on a tandem quadrupole SID instrument. Internal F, Y, and GGF fragments are also observed. On the FT-ICR, we can resolve the y 2 fragment ion from the carbon isotope of the b 3 ion, as shown in the insets. SID of the yet smaller protonated leucine enkephalin (m/z 556) yielded similar fragments and intensities (SI Figure S13 ) and demonstrates the versatility of Gen 2 for studies of both small and large molecules by use of a combination CID/SID collision cell. This is particularly important to satisfy the demands of OSU's mass spectrometry user facility, of which the FT-ICR is an integral component, so that collision cells need not be swapped between experiments.
■ CONCLUSION
An improved dual-purpose SID/CID cell has been developed for native mass spectrometry on a 15 T FT-ICR mass spectrometer while retaining low mass capabilities for OSU campus users. Compared to the previous generation, the new design boasts a 2−3× expanded mass range, 2−3 × higher trap capacity, ∼10× increase in signal intensity for noncovalent protein complexes at moderate accumulation times, and simplification via reduction of the number of SID electrodes. Both rectilinear and hexapole collision cells were utilized; the latter could trap and transfer protein complexes up to 801 kDa in absolute mass. The Gen 2 design couples well with the high mass resolution and mass accuracy of the FT-ICR and maintains efficient CID capabilities, which are characteristics critical to daily operation of the FT-ICR for analyzing core facility samples from OSU principal investigators.
With improved SID/CID capabilities implemented, it is now critical to optimize other aspects of the FT-ICR for native mass spectrometry. In particular, it should be a top priority to make the ion source more native MS friendly by decreasing salt adduction and increasing the versatility of in-source activation capabilities so that the high resolution can be successfully utilized in combination with the many ion activation methods currently available. 
